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1 SUMMARY  

This final report describes the completed project “Uncooled Split Off Quantum Infrared 
Detectors for 3-5 micron Imaging Applications” with Proposal Number: 54109-EL and 
Agreement Number: W911NF-08-1-0448. The goal of the proposed research was to develop 
uncooled detectors. A detector concept, utilizing hole transitions from the light-hole/heavy-hole 
(LH/HH) band to the spin-orbit split-off (SO) band was developed to achieve room temperature 
operation. Investigations further showed that response extension can be realized by including 
hole transitions between LH and HH bands. A model based on the split-off transitions    was 
developed for designing devices. Analysis on the dark current mechanisms was carried out on 
these high-operating-temperature split-off detectors in order to improve electrical uniformity. 
Further optimization using graded barriers with an offset between the barriers on the two sides of 
an emitter was explored as a method of reducing the capture rate of photocarriers in the emitters. 
The graded barrier structure is also shown to be capable of operating in photovoltaic mode  and a 
good candidate for high-temperature photovoltaic detectors.  

2 DECTOR MODELING AND DESIGN 

2.1 Device modeling for split-off band detectors 

The approach to develop room temperature detectors use transitions between the light/heavy hole 
(LH/HH) bands and the spin-orbit split-off (SO) hole band to produce enhanced response at high 
temperature. Experimental results show that the devices can be designed for optimum operating 
temperature or optimum detectivity. A model was developed to calculate the dark and 
illuminated currents from the photoabsorption, carrier escape, and transport, explaining the 
experimental response. The variation of dark current, responsivity and detectivity with the 
detector parameters is investigated. 1 
 
The split-off band detector response model consists of five parts: (i) calculation of absorption in 
the emitters including direct and indirect hole transitions from the LH/HH band to the SO band, 
(ii) calculation of excited carrier transport to the emitter/barrier interface, (iii) calculation of 
escape probability at the emitter/barrier interface, (iv) calculation of capture rate for injected 
carriers in the emitters, and (v) calculation of the dark and photocurrents. 
 
This model was tested by comparing the calculated results with experimental measurements for 
three samples having free-carrier thresholds wavelength of 4, 6, and 8 µm. A reasonable 
agreement with the predicted peak response, i.e. within ~20% of the measured value for all the 
biases, as seen in  
 
Figure 1, for the sample with a 4 µm threshold was achieved. The results for the 6 and 8 µm 
threshold samples were similar. The deviation seen at long wavelengths beyond ~3.5 µm appears 
to be due to a thermal detection mode that is also present, which is not included in the modeling.  
 
Using the carrier-carrier scattering lengths obtained from the fitting above, the effects of varying 
design parameters were investigated. For the calculations, the device structure consisted from 



 

 2

bottom to top of a GaAs bottom contact of thickness wc with p-doping nc, an undoped AlGaAs 
barrier layer of thickness wb and Al fraction xb, a p-doped GaAs emitter of thickness we and 
doping ne, a top AlGaAs barrier with thickness wt and Al fractions xt1 and xt2 at the bottom of the  
barrier, respectively, and a GaAs top contact of thickness wc with p-doping nc. By using different 
values for xt1 and xt2, it is possible to include a graded barrier in the designs. For all calculations, 
the contact parameters were wc = 0.1 µm and nc = 1  1019 cm-3. Figure 2 shows three detectors 
with different Al fractions. By varying the free-carrier threshold, it is possible to select the 
optimum combination of responsivity, D*, and operating temperature for a specific application. 
 
The effects of varying the emitter thickness on the response and the detectivity with ne = 3  1018 
cm-3 for detectors with 4, 6, and 8 µm free-carrier thresholds are shown in Figure 3. The 

 
Figure 1: (a) The experimental spectra 
and the calculated response using the 
model for a sample having a 4 µm free-
carrier threshold. There is good 
agreement except at the longer 
wavelengths. The disagreement at long 
wavelengths is due to the thermal 
mechanism which is not included in 
the model. 

         
Figure 2:  (a) The dark current, (b) responsivity, and (c) detectivity for detectors with free-carrier 
thresholds of 4, 8, and 12 µm at different temperatures at a bias of 1.0 V. The fixed detector parameters 
were we = 20 nm, ne =3  1018 cm-3, wt = 50 nm, and wb = 1000 nm.  
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response increased as the emitter thickness increased up to a value of ~50 nm due to the 
increasing absorption. For thicker emitters, the escape probability started to decrease, leading to 
a reduced response for emitters thicker than 50 nm. 
 
In order to reduce the trapping and hence 
increase the gain, grading the top barrier in 
order to produce an offset between the barriers 
on the two sides of the emitter was explored. 
When the barrier on the injection side of the 
emitter is higher than that on the escape side, it 
will artificially heat the carriers entering the 
emitter. If the difference in heights is 
sufficiently large, the carriers will still be able 
to escape after scattering and the trapping rate 
will be greatly reduced. The increase in 
response with the difference in barrier height is 
shown in Figure 4. In designing detectors, the 
fact that gain applies to both the dark and 
photocurrents will need to be considered to 
determine the optimum value. The results 
indicate that increasing the gain above ~3 will 
not lead to any increase in D* even though the response increases. 

2.2 Analysis of Dark Current Mechanisms for Split-Off Band Infrared Detectors 

at High Temperatures 

A model 2 including the two-dimensional (2D) transport characteristic of carriers was developed. 
Current-voltage-temperature (I-V-T) measurements on split-off detectors show that R0A (product 
of zero-bias differential resistance and detector active area) deviation only occurs at high 
temperatures, indicating a temperature-dependent behavior of the electrical uniformity. A critical 
parameter, i.e., threshold temperature, defined by both experimental and theoretical results, 
represents the beginning of nonuniformity and needs to be optimized. Figure 5 (a) shows plots of 

         
Figure 3: (a) The responsivity and (b) detectivity variation with emitter width for a detector with a free-
carrier threshold of 4 µm at three different temperatures at a bias of 1.0 V. The fixed detector parameters 
were ne = 3  1018 cm-3, wt = 50 nm, and wb = 1000 nm.  

 

Figure 4: The responsivity variation with barrier 
offset for a detector with free-carrier threshold of 
4 µm at three different temperatures at a bias of 
1.0V. The fixed detector parameters were we = 20 
nm,  ne = 3  1018 cm-3, wt = 50 nm , and  wb = 
1000 nm.  
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Log[R0A] versus 1000/T as measured on three detectors. The R0A-T curve can be well fitted by 
the thermionic currents at the low-temperature end. However, when the temperature is increased,  

R0A starts to increase over the fitted value. This phenomenon is more prominent for devices 
with larger mesa sizes than that with smaller sizes. 
The current nonuniformity originally results from the electric potential gradient in the lateral 
direction and depends on the conductivity ratio (α) of the vertical conductivity over the lateral 
conductivity. Figure 5(a) shows the calculated α-T relationship for three samples. Exponential 
increasing of α for SP1 takes place above 150 K, while SP3 has the same α with values close to 
zero over the entire temperature region up to 330 K. The vertical current for the sample SP1 is 
calculated as a function of lateral position x and is shown in Figure 5 (b) and (c).  
 
Based on the theoretical model in Section III, two optimizations can be followed by either 
decreasing the vertical conductivity or increasing the lateral conductivity, both of which will 
reduce the conductivity ratio. Increasing the barrier height can efficiently increase the electrical 
uniformity of devices. However, changing barrier height also shifts the threshold wavelength of 
detectors and should be considered in the overall optimization. The lateral conductivity can be 
increased by decreasing barrier thickness or increasing emitter thickness and doping. Increasing 
emitter doping will also increase the absorption and thus responsivity.  
 

 

 

 

  

 

Figure 5: (a) Temperature-dependent R0A for three detectors. The solid square and hollow circle data are 
for square-mesa devices with sizes of 400 and 800 μm, respectively. A fit to the low-temperature region 
(solid line) based on thermionic currents is extended to compare R0A deviation at high temperatures. (a) 
Relation of calculated conductivity ratio (α) with temperatures for all devices. (b) and (c) are calculated 
lateral current distributions for the device SP1 with the mesa 400 μm  400 μm at the interface between 
the active region and bottom contact layer, and the interface between top contact layer and active region, 
respectively. x = 0 represents the device center. The nonuniformity becomes remarkable when the 
temperature is increased. 
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2.3 Design of resonant-cavity-enhanced photodetectors 

An investigation on the enhancement of quantum efficiency (QE) by resonant cavity was carried 
out. 3 This method can improve QE of the region where absorption is low. For example, a 
multiple structure has an exponential degrading profile of light intensity from top to bottom. 
Enhancing optical field in the bottom region will benefit the overall improvement of QE. This 
cavity effect is demonstrated by employing a structure showing in Figure 6, consisting of 
different absorbing regions. Regions I, II, III, and IV can respond in VIS-NIR, MWIR, LWIR, 
and SWIR, respectively, by virtue of the optical processes due to inter-band transitions in the i-
InP, inter-subband transitions in p-InGaAs/InP QWs, and the inter-band transitions in i-InGaAs.  
 
To fabricate a Fabry-Perot (F-P) cavity, appropriate reflectors should be applied. A Bragg 
reflector normally becomes too thick in order to attain the high reflection in the LWIR. On the 
contrary, a Au film is capable of acting as a good reflector over the whole spectral range, e.g., a 
reflectivity of 98% for the InP-Au configuration, and is thus adopted as the bottom reflector. The 
top reflector can be the native InP-air interface which has the reflectivity varied from 27% at 1.5 
µm to 17% at 12 µm. 
 
The locations of the resonance modes are primarily determined by the cavity to which the 
optimizing was made. The reflection spectra are shown in Figure 7 (a) and (b). In the LWIR 
region, only one mode lies in the detection range of interest. Thus, the cavity should be properly 
adjusted. The optimization should also be able to maximize the overlapping between the optical 
field and the absorbing elements. With such considerations in mind, Figure 7 (c) plots the 
absorption enhancement factor for three detection bands. The maximum enhancement for region 
IV (SWIR), II (MWIR), and III (LWIR) is reached at the factors of 10.5, 9.5, and 11, 
respectively. 

 

Although the DBR is not practical for the LWIR, it acts as a good reflector for the SWIR and 
MWIR, and is thus suitable for optimizing the top reflector. Here, a specifically designed DBR 
simultaneously performing as the reflector for the SWIR and MWIR is used. A dual-band DBR 
is shown in Figure 7 (a), with one period consisting of 378.5-nm SiO2, 264.8-nm TiO2, and 
264.8-nm TiO2, resulting in two reflection bands centered at 1.6 µm and 3.3 µm.  Figure 7 (a) 
shows the calculated reflection spectrum of the detector structure with a dual-band DBR at the  

 
Figure 6: (a) A schematic of the 
conventional multi-band detector without 
the cavity. Regions I - IV correspond to 
four absorbing elements responding to 
different wavelengths. (b) The processed 
multi-band resonant-cavity detector with 
the active region sandwiched between two 
reflectors. A Au film is used as the bottom 
reflector, while the top reflector can be 
either a native semiconductor-air interface 
or a dual-band DBR. 
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top and a Au reflector at the bottom. In comparison with the one without the top DBR, dips at 
1.635 and 3.325 µm are the two resonance modes being enhanced by both the DBR and Au 
reflectors. Enhancement factors of 12 and 26 for region IV (SWIR) and region II (MWIR) are 
observed. The use of dual-band DBR narrows the response peaks of both the SWIR and MWIR, 
which can be useful for monitoring gases by simultaneously identifying two absorbing lines. By 
selecting three periods of the DBR, the resonance at LWIR remains valid yielding a nearly fixed 
enhancement factor. This is because that the DBR is no longer a good reflector for the LWIR 
range, as seen in Figure 7 (a), and hence its effect only changes the cavity length for the LWIR 
region.  

As an application, the F-P cavity optimization was applied to the already demonstrated GaAs 
multi-band detector 4. The structure is similar to the one shown in Figure 6. Since the detector 
consists of two groups of n-type QWs, the incoming light is assumed to be TM polarized with a 
45° incidence angle. The comparison of the spectral response in the cavity-enhanced multiband 
detectors with the experiment is shown in Figure 8. The maximum enhancement factors for 
MWIR and LWIR are 5.5 and 9.5, and 17 and 9 corresponding to the structure with the Au 
reflector alone, and both the DBR and Au reflectors, respectively. It can be seen that the use of 
the F-P cavity also reduces the unnecessary response outside the spectral range of interest. For 
example, the ratio of the peak responsivity in the 3-4 μm range to that in the 4-8 μm range is 
increased from 3 in the original structure without the cavity up to 9 in the cavity-enhanced 
detector. The expected response by cavity enhancement is promising for designing optimized 
multi-band detectors with higher performances as well as the desired spectral response. 

 

         
Figure 7:   Calculated reflection spectra of (a) a 3-period TiO2/SiO2 dual-band DBR, and (b) whole resonant-cavity 
detector structures. The use of only a Au reflector (dotted line) produces resonance modes (the dips) in the whole 
spectral region. The solid line shows further resonance enhancement by using a SWIR-MWIR dual-band DBR 
without affecting the LWIR performance. Both resonance modes lie within DBR’s high-reflection bands. Resonance 
modes for the regions of interest IV (SWIR), II (MWIR), and III (LWIR) are indicated by arrows. (c) Calculated 
absorption enhancement factor for the absorbing regions II, III, and IV. A factor of 11 is achieved by placing a Au 
reflector at the bottom side of the detectors, while the use of another top 3-period TiO2/SiO2 dual-band DBR gives 
rise to enhancement by a factor of 26. 

(c) 
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3 MATERIAL CHARACTERIZATION FOR DETECTOR DESIGN 

A dielectric function model for inter-valence band (IVB) transitions has been developed to 
evaluate the absorption. Infrared absorption of semiconductors including p-type GaAs and InP 
were measured. The absorption properties are the preliminary knowledge in order to determine 
the response range of the material used in split-off detectors.  

3.1 Dielectric function model for p-type semiconductor inter-valence band 

transitions 

The contributions of IVB transitions to the dielectric function (DF) by free holes among the split-
off (SO), light-hole (LH) and heavy-hole (hh) bands have been threoretically modeled 5 to 
determine the DF of two p-type semiconductors, GaAs and Ge1-ySny with the Zinc-blend and 
Diamond crystal structures, respectively. The IVB transitions dominate the spectral range 
between 0.1-1eV with respect to the spin-orbit splittings between so-hh and lh-hh bands. In 
conjunction with inter-band transitions, free-carrier and lattice absorption, a complete DF model 
allows the determination of optical constants with improved accuracy in the spectral range 
covering both ultraviolet and infrared regions. The model should be applicable to most of the 
group III-V and IV materials since their valence band structures resemble the ones under 
investigation. Figure 6 (a) shows the model dielectric function of p-GaAs at different doping 
concentrations. Comparison of absorption between p-GaAs and p-Ge1-ySny is shown in Fig. 6 (b) 
in the spectral range of 3-5 µm. 

     

Figure 8:   The optimization of the 
spectral response in a GaAs multi-
band detector (see Ref. 7) by 
applying the F-P resonant cavity. 
The dotted and solid curves 
correspond to two cavity structures 
using a Au reflector, and both DBR 
and Au reflectors, respectively. The 
F-P resonance effects enhance the 
optical field and hence the QE, and 
also cause the splitting of the 
response peak between 3 - 4 µm. 
The DBR is designed such that 
enhancement only occurs in MWIR 
without affecting the LWIR.  
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3.2 Plasma frequency and dielectric function dependence on doping and 

temperature for p-type Indium Phosphide epitaxial films 

The optical properties of p-type InP epitaxial films having different doping concentrations are 
investigated by infrared absorption measurements accompanied by reflection and transmission 
spectra taken from 25 – 300 K. 6 A complete dielectric function (DF) model, including inter-
valence band (IVB) transitions, free-carrier and lattice absorption, is used to determine the 
optical constants with improved accuracy in the spectral range from 2 – 35 µm. The reflection 
and transmission spectra for the doped samples are shown in Figure 10. Figure 11 (a) shows the 
absorption spectra. The transmission in 30 – 35 m range is near zero; hence not shown in the 
figure. There is a step around 20 �m as can be seen in reflection, transmission and absorption 
spectra which is due to multi-phonon absorption. Even though there are many higher order 
phonon frequencies7 associated with InP material, only eight Lorentz oscillators (as shown by 
arrows in Error! Reference source not found.) were implemented to study the phonon 
absorption depending on their strength in absorption. 
 
To obtain the IVB DF, parameters representing the strength (Aab) and line-shape broadening 
(ab) of transitions were determined by fitting experimental data with the model output. 
Compared to p-GaAs,5 the case of p-InP is complicated by the small spin-orbit splitting (so= 
110 meV). Therefore, SO-HH and LH-HH absorption regions are merged, unlike in p-GaAs. 
Because of this small so, much of the absorption due to direct IVB transitions occurs in a region 
of the IR where lattice absorption and FC absorption are strong. The insets in Figure 11 (a) show 
the absorption with and without IVB transitions in the 2 – 14 µm region. This shows that the 
difference is coming from the IVB transitions. It can also be seen that IVB absorption increases 
with doping. The total absorption coefficient extracted from the DF is plotted in Figure 11 (b)  

   

Figure 9: (a) The calculated DF (ε1 and ε2) for p-type GaAs at various doping concentrations. The 
phonon absorption induces a strong feature at the low-energy region. The FC contribution shows a 1/E2 
behavior. The IVB transitions are responsible for the region between 0.1-1eV. The insets show the 
calculated DF of undoped GaAs in comparison with experimental curves. (b) Calculated absorption 
coefficient for p-GaAs and  p-Ge0.98Sn0.02 at different doping concentrations. The insets show the 
variation of absorption coefficient with the doping concentrations at 3, 8 and 14 µm. 

(a) (b) 
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with comparisons to the experimental 9 data for 1 × 1018 cm-3. The obtained absorption 
coefficient will be useful for various applications, including IR split-off band detectors designs1.  
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Figure 10: Experimental reflectance and transmittance spectra (dotted lines) of the sample having p-InP 
epilayers on InP substrate along with the best fit results (solid lines) at 300 K. The transmission 
drastically reduces beyond 20 µm and is almost zero in 30 - 35µm range. Therefore this region for 
transmission is not shown. The top axis represents wavenumber (cm-1) scale which is equal to 10,000/ 
(µm). 
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Figure 11:  (a) Experimental absorption spectra (dotted lines) of the p-InP films on InP substrate along 
with their best fit results (solid lines) at 300 K. For clarity, each spectrum is successively shifted by 1 in 
the vertical direction. The arrows indicate the location of each Lorentzian oscillator. The insets show the 
enlarged region (2 – 14 m) where IVB absorption is expected which show the absorption with and 
without IVB transitions. The IVB absorption increases with doping and over shadows the weaker higher 
order phonon peaks in 10 – 13 µm range. (b)  Calculated absorption coefficient at 300 K. The strong 
absorption peak around 32.7 �m (306 cm-1) is due to Reststrahlen absorption of the lattice structure. The 
weak peaks are due to the difference in phonon absorption between the doped layer and the substrate. 
The theoretical values are compared with the data taken from Ref. 8 for 1 × 1018 cm-3 
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One of the atmospheric windows, 8 – 14 μm is a crucial spectral region that falls into the scope 
of IVB effects.  
 

3.3 Optical properties of nanostructured TiO2 thin films and their application as 

antireflection coatings on infrared detectors 

In semiconductor detectors, there is significant 
amount of reflection (up to 30% depending on 
the refractive index (n) of the medium and the 
wavelength range) from the top surface. This 
will reduce the light throughput to the detector 
and also the field of view. Use of gradedindex 
layers for broadband antireflection (AR) 
properties is one of the best approaches to 
reduce reflection. Oblique-angle deposited 
titanium dioxide (TiO2) nanorods have 
attracted much attention as good antireflection 
(AR) coating material due to their low 
refractive index profile. 10 
 
The obtained refractive index of TiO2 nanorods 
in the infrared range from fitting to experimental transmission is shown in Figure 12. The 
scattered data were fitted using the Sellmeier dispersion equation. The dotted and dashed curves 
correspond to the Sellmeier equation obtained by least-square fitting for s- and p-polarized 
components (Es and Ep), respectively.  
 
The obtained refractive index data are used to design AR coatings on GaN, as shown in Figure 
13. The reflectance remains less than 3.3% for normal incidence for 2–8 μm spectral range and 
less than 10.5% even at 60° for the same spectral range.  

Figure 12: Refractive index obtained for a TiO2 
nanorod layer grown on Si. The dots represent the 
values found at FP peak positions. The dotted and 
dashed curves show the corresponding Sellmeier 
equation obtained by least-square fitting. 

 

Figure 13: Reflection from five-layer AR coating structures (on GaN substrate) at oblique angles of 
incidence. For clarity, the curves for incident angles of 10° and 20° are not shown as they are very close 
to the curves for 0°. The inset shows the graded refractive index (n) profile of the AR coating from air 
to GaN (nGaN = 2.3) with thickness (di) of each layer. 



 

 11

4 DEVICE RESULTS AND DISCUSSION 

4.1 Effects of Graded Barriers on the Operation of Split-Off Band Infrared 

Detectors 

Increasing the operating temperature of infrared detectors is a prime importance for practical 
applications. The use of split-off band transitions has been proposed for high operating 
temperature infrared detectors. Initial results showed increasing the potential barrier for free 
carrier emission has led to increases in operating temperature from 150 K for a detector with an 8 
micron threshold to room temperature for detector with a 4 micron threshold. However, these 
detectors showed a low responsivity due to the capture of carriers in each emitter. A proposal 
was made to use graded barriers with an offset between the barriers on the two sides of an 
emitter as a method of reducing the capture in the emitters. 11 Two GaAs/AlxGa1-xAs samples 
with a single graded barrier (Al fraction x = 0.57 to 1 and 0.45 to 0.75, respectively) were used to 
test the effects. The sample with the lower barrier show responsivity increased by a factor of ~10 
or more compared to the higher graded barrier sample and detectors without the graded barrier. 
The higher graded barrier sample, space charge build up causes almost all potential drop across 
the first barrier, and hence reduces the response. Based on the modeling it is believed that this 
effect will be greatly reduced in detectors with multiple periods of graded barriers and emitters, 
allowing the full gain effects of the graded barriers to be realized. 
 
Figure 14 (a) shows the spectral responsivity of sample 460 in which the Al fraction of the 
barrier is graded from 0.45 to 0.75. The barrier is lower than the split-off energy so both free 
carrier and split-off responses were observed. Also a very different response levels observed 
under forward and reverse bias. Switching the polarity of the bias leads to a three order of 
magnitude change in the response at 150 K. This is believed to be due to the depletion of the 
emitter under positive bias at this temperature. The thermally excited carriers can much more 
easily tunnel out of the emitter than they can enter the constant barrier over the top. This 
depletion leads to most of the applied field being across the constant barrier at positive bias and 
hence a reduced response. This effect is reduced at 80 K where the response under forward and 

     
Figure 14: (a) The spectral response of 460 at 150K, showing a great difference between the forward and reverse 
biases. In this detector both free carrier and spitoff responses can be seen. (b) The spectral response of 728 at 300K. 
Only free carrier response is observed due to the barrier being above the split-off energy.   

(a) (b) 
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reversed bias differs by less than a factor of two. The reduction in this effect is due to the greatly 
reduced thermally assisted tunneling at the lower temperature. Another sample 728 has a larger 
potential barrier with Al fraction graded from 0.57 to 1. The spectral response is shown in Figure 
14 (b). The response under negative bias is observed only at low bias values, as the safe current 
limit reaches it very low bias. Under these conditions, the Arrhenious data indicates the emitter is 
depleted, so that the response will be primarily from the bottom contact. Since the split-off 
energy is much less than the effective barrier height, the response is due to free-carrier 
absorption. For positive bias, the carriers are all trapped at the emitter. 

4.2 Split-off photovoltaic infrared detection with p-type graded barrier 

heterostructures 

Uncooled operation of split-off detectors with a 4 micron threshold has been previously 
demonstrated.12 Further improvement on the performance of the split-off detectors was 
investigated by employing photovoltaic operation with zero bias applied. 13 Operating at zero 
bias voltage, i.e., photovoltaic mode, will inherently suppress the dark current, leading to a 
reduction in the noise with an increase in the detectivity. Photovoltaic infrared detectors have 
significant advantages over photoconductive detectors due to zero bias operation, requiring low 
power and having reduced low frequency noise. They also exhibit no thermally assisted 
tunneling currents, leading to higher operating temperatures.  
 
The key feature for obtaining a photovoltaic response is to have an asymmetry in the transport of 
photocarriers. A graded barrier connecting two p-type doped layers is used to achieve asymmetry 
as shown in Figure 15, with IVB absorption occurring in the doped emitters. The carriers 
escaping from the emitter and contact beside the graded barrier will then have different 
probabilities of passing over the barrier. The excited carriers which pass over the high barrier 
end, indicated as x2, will continue to the contact region even if they scatter in the barrier and lose 
energy. However, carriers excited from ‘Contact 1’, and move toward the emitter, will lose 
sufficient energy in a scattering event to be below the high end barrier x2, and hence will be 
reflected back to Contact 1. This effect will lead to a net current flow as shown in Figure 15 (b) 
(arrow), gradually raising the potential in Contact 1 to be higher than the emitter and Contact 2, 
until a built-in potential difference Vph is established. This is the signal that is measured as a 
photovoltaic response of the detector.  

 

     

Figure 15:  The valence band diagram of a single period asymmetric heterojunction structure under dark conditions. 
The emitter and contact layers are p-type doped, while barriers are undoped. (b) Under illumination, holes are 
excited into higher energy states with a higher probability of escaping over the emitter/barrier interface. In the 
presence of a graded barrier, a net flow of holes occurs, as indicated by the arrow, until a new equilibrium with a 
built-in potential Vph is established.   
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In addition to photovoltaic operation, this asymmetric structure will reduce the excessive 
recapture of excited carriers in the emitters in previous demonstrated split-off detectors12 without 
graded barriers. When the barrier on the injection side of the emitter is higher than the escape 
side, it will increase the energy of the carriers entering the emitter. If the difference in heights is 
sufficiently large, the carriers will still be able to escape after scattering and the trapping rate will 
be greatly reduced, this should lead to photoconductive gain. By increasing the barrier on the 
injection side, the dark current is reduced at low biases, because carriers need to overcome the 
barrier. Also by grading the higher barrier, the device will be able to operate at lower electric 
fields with improved sweep-out efficiency of photoexited carriers due to low dark current.  
 
A photovoltaic response was observed for all the tested devices with a graded barrier (V0727, 
V0728, SP1005, SP1006 and SP1007 as shown in Table 1) showed at room temperature. Open 
circuit voltage of the device was measured by a voltage amplifier (Stanford Research, SR 560) 
and a Perkin Elmer system 2000 FTIR. The data was calibrated using responsivity of a 
bolometer. Out of the tested devices, the highest signal was observed for the device from the 
wafer V0728, as expected through the analysis of I-V data. The open circuit voltage responsivity 
spectra of a device from this wafer at 280K and 300K are shown in Figure 16 (a). At 300K, a 
peak responsivity of 460 mV/W was observed at the wavelength of 1.8 µm and the estimated 
photocurrent is ~ 40 µA/W. The Johnson noise limited specific detectivity value for the device is 
calculated as ~1.5×106 Jones using:  

                                                             (1) 

Here, Rv is the responsivity in volts per watt and, R0 is the resistance at zero bias, A is the area of 
the device, k is the Boltzmann constant and T is the temperature. When the temperature of the 
device was reduced, an increase in the responsivity and D* to 1.28 V/W and 2.8×106 Jones was 
observed, respectively. A summary of the peak responsivity and D* values at 300K, at 1.8 µm, 
are tabulated in Table 1.  
 

Table 1: Summary of the device parameters, where X1, X2 and X3 represents the aluminum (Al) fraction of the 
barriers at the bottom contact and the emitter ends of the graded barrier, and at the constant barrier respectively. 
The responsivity and specific detectivity (D*) of the devices at 300K, and a wavelength of 1.8 µm, are also 
shown. 

Device No. X1 X2 X3 
Emitter 

thickness 
Peak Responsivity 
(mV/W) @ 300K  

D* (Jones) @ 300 K 

458 0.45 0.75 0.57 20 nm -- -- 

V0727 0.55 1.0 0.57 20 nm 17.1 6.0×104

V0728 0.55 1.0 0.57 80 nm 450 1.2 ×106 

SP1001 0.75 0.75 0.57 20 nm -- -- 

SP1005 0.45 0.75 0.57 20 nm 1.1 9.9 ×103

SP1006 0.45 0.75 0.57 50 nm 3.9 3.3 ×104

SP1007 0.45 0.75 0.57 80 nm 20.8 1.4 ×105
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The responsivity spectra of SP1005, SP1006, and SP1007 at room temperature are shown in 
Figure 16 (b). SP1007, having a thicker emitter of 80 nm, shows a higher responsivity compared 
to the other two wafers (SP1006 and SP1005) which have thinner emitters of 50 nm and 20 nm, 
respectively. A similar behavior was observed for V0728 and V0727 (responsivity shown in 
inset of Figure 16 (a)); the response is higher in V0728 with an 80 nm emitter. Since each wafer 
has the same doping density in the emitter, the device with a thicker emitter is thus likely to have 
an increased charge accumulation. The higher photovoltage is a result of a higher number of 
carriers accumulated in the contact region. Wafer SP1001, which did not have a graded barrier, 
did not show a photovoltaic response when operated close to room temperatures.  

The ratio of the peak responsivity (1.8 µm) for V0728 to V0727 is ~ 26, while for SP1007 to SP 
1005 it is ~19. This responsivity increment is much greater than the ratio in emitter thickness. 
The responsivity increase in the SP devices with emitter thickness is shown in the inset of Figure 
16 (b), and is showing an exponential behavior. The difference in the responsivity ratios between 
V07 and SP wafers may, however, be a result of the difference in the aluminum fractions in the 
graded barriers (the gradient in the barrier). Additionally due to the differences in the device 
resistance, the accumulated carriers may discharge quickly in the SP series devices compared to 
the V07 series.  

The variation in D* for V0728 with wavelength in the photoconductive mode (with a bias of -
0.1V) and photovoltaic mode (0 V bias) are shown in the  

Figure 17. The noise generated by the measuring instruments is negligible compared to the 
device noise. The inset of  

Figure 17 shows the noise current density (S(f)) of  V0728 at a -0.1V bias voltage, and at 0 V 
bias. At high frequency (f > 10 kHz) the measured noise density is closer to the Johnson noise 

      
Figure 16: (a) The photovoltaic response of V0728 at 280 K and 300 K; the photovoltaic response shows a peak at a 
wavelength of 1.8 µm and a threshold at 2.6 µm. The photovoltaic responsivity increases with the decreasing 
temperature. Inset: Responsivity of wafer V0727 at 300K. The responsivity of V0727 is lower owing to the thinner 
emitter, 20 nm compared to 80 nm in V0728. (b) The photovoltaic response of SP1007, SP1006 and SP1005 at 300 
K. The photovoltaic response decreased with decreasing emitter thicknesses (80 nm, 50 nm & 20 nm respectively). 
A peak response was seen at a wavelength of 1.8 µm, and a threshold was observed at 3.5 µm. Inset: The peak 
responsivity (at 1.8 µm) extracted from response curves of the three devices show an exponential increase in the 
responsivity with increasing emitter thickness.  
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limit. D* calculated with the measured noise at 10 kHz, is 1.2 × 106 Jones. As a comparison 
between the  

photovoltaic and photoconductive modes of operation, sample V0728 was then operated in 
photoconductive mode  

under the negative bias (bottom contact positive) for which it was designed. The D* value of 1.5 
× 106 Jones for photovoltaic operation was significantly higher than the photoconductive value 
of 3.5 × 104 Jones. This indicates the potential for better performances of devices, in the 
photovoltaic mode of operation using graded barriers at room temperature.  

4.3 Light-hole and heavy-hole transitions for high-temperature long-wavelength 

infrared detection 

Hole transitions from the heavy-hole (hh) to the light-hole (lh) band contributing to the 4-10 µm 
response range are reported on p-GaAs/ AlGaAs detectors. 14 The detectors show a spectral 
response up to 16.5 µm, operating up to a temperature of 330 K where the lh-hh response is 
superimposed on the free-carrier response. Two characteristic peaks observed between 5-7 µm 
are in good agreement with corresponding energy separations of the lh and hh bands and thus 
originated from lh-hh transitions. Figure 16 shows the spectral response of different detectors. 
The comparison of experimental response with theoretical calculation with free-carrier 
absorption contribution alone (dashed line) indicates that the lh-hh transitions have a primary 
contribution to the 4-8 µm response range. Different features than optical absorption are the 
response peaks at 5.50 µm and 6.46 µm. Their corresponding energy values (0.225 V and 0.192 
eV, respectively) are in agreement with reported lh-hh separations along the Λ (111) and Δ (001) 
directions. Room-temperature response up to 330 K was observed in long-wavelength range 
between 4-16.5 µm. Results will be useful for designing multi-spectral detection which could be 
realized on a single p-GaAs structure. 

 

 

 

 
Figure 17: Detectivity of V0728 as a 
function of wavelength in a photoconductive 
mode (with a bias of -0.1V) and photovoltaic 
mode (0 V bias) at 300 K. Photovoltaic 
mode have a higher detectivity due to low 
noise. Inset: The noise current density (S(f)) 
of  V0728 at -0.1V bias voltage, and 0 V 
bias, shows a low noise level in the device 
with 0V bias due to absence of shot noise 
caused by dark current in biased device. 
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4.4 ZnO-Based UltravioletInfrared Dual-Band Detector Sensitized With PbS 

Quantum Dots 

A low-cost photoconductive 
dual band detector based on 
lead sulfide quantum dots (PbS-
QDs) sensitized nonporous ZnO 
film is manufactured on the 
surface of the fluorine doped tin 
oxide (FTO) conducting glass 
plate. 15 Figure 19 shows the 
spectral responsivity. The 
ultraviolet (UV) response arises 
as a result of interband 
absorption of UV radiation by 
ZnO and infrared (IR) response 
is due to the absorption in PbS-QDs. The detector exhibits UV response from 200 - 400 nm with 
a peak responsivity of 4.0×105 V/W and detectivity (D*) of 5.5×1011 Jones at 370 nm under 
room temperature. Observed visible-near IR response is from 500 - 1400 nm with a responsivity 
of 5.4×105 V/W and D* of 7.3×1011 Jones at 700 nm operating at room temperature. By 
increasing the PbS-QD size, IR response can be extending up to 2.9 μm. 

   

Figure 18: (a) The 80 K responsivity spectra of SP1 at different bias. The inset shows a comparison with modeled 
responsivity (dashed line) at 0.2 V bias with FCA contribution alone. Peaks indicated by arrows are interference 
modes of the p-GaAs/AlGaAs periodic layers. (b) Spectral response of detectors with varied threshold wavelengths 
(λt). The curves from top to bottom are measured at the bias of 8 V, 2 V, 1 V, and 2 V, respectively. In comparison 
with the FCA response (dashed line) calculated for the detector 1332, lh-hh transitions produce response between 
4–10 µm. (c) High-operating-temperature capability was measured on samples SP1, SP2, and SP3 under 0.2 V, 0.3 
V, and 3 V, respectively, showing broad range from 4–16.5 µm. The wavelength region above designed threshold 
is due to a thermal detection mechanism. Cavity interference modes are all marked with the arrows in (a) and (b). 

 

Figure 19: Spectral 
responsivity of the 
dual-band detector 
compared with the 
ZnO detector without 
PbS QDs.  Inset: the 
schematic of dual-
band PbS-QD 
embedded colloidal 
ZnO detector. 

(a) (b) (c) 
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4.5 Surface Plasmon for Optimizing Detector Performance Heterojunction 

plasmonic midinfrared detectors 

Metal corrugated surfaces have the potential of enhancing optical absorption through surface 
plasmon (SP) excitation facilitated by light-metal interactions. We have carried out designs with 
Plasmon enhancements in the conventional heterojunction mid-infrared detectors, optimized for 
their operation in 8-14 µm spectral range. 16-17 Design issues concerning GaAs-AlGaAs based 
plasmonic photodetectors are investigated using modal expansion method (MEM) in conjunction 
with Rayleigh expansion. Simple but insightful fitting expressions useful for designing practical 
photodetectors are presented. The effects of crucial design parameters on the photodetector 
performance are discussed in detail. Using metallic grating based plasmonic element, about 20 
fold absorption enhancement is predicted, which is comparable or greater than that recently 
reported for InAs (Quantum Dots) and GaInNAs (Quantum Well) detectors.  

A schematic of the representative structure is shown in Figure 20 (a). Absorption spectra for 
grating period (Λ = 3.2 µm) are also shown. The main features of these spectra are: (i) 
appearance of resonant absorption peaks spanning mid-infrared spectral window, (ii) blue-shift 
of resonant wavelength λp with increasing metallic height h1 till λp becomes independent of 
further increase at a characteristic wavelength, (iii) red-shift of resonant wavelength λp with 
increasing grating period, (iv) substantial absorption enhancement in the presence of plasmonic 
element relative to the bare structure, and (v) increased peak asymmetry toward shorter 
wavelengths. The quantitative estimation of absorption enhancement as a function of emitter 
thickness for three different wavelengths (10, 11, and 12 µm) is shown in Figure 20 (b).  

4.6 Highly sensitive GaAs/AlGaAs heterojunction bolometer 

GaAs/AlGaAs multilayer heterojunction structures with different Aluminum (Al) fractions and 
emitter doping densities have been tested to identify optimum parameters for high temperature 
coefficients of resistance (TCR). 18 Figure 21 (a) plots the variation of TCR in multilayer 

   

Figure 20: (a) The calculated absorption spectrum for the metallic corrugation structure shown in the inset with the 
period Λ = 3.2 µm and different heights. The absorption for the structure without grating is also shown (dotted 
curve). (b) Estimated absorption enhancement as a function of (doped) GaAs emitter thickness. Plots for three 
excitation wavelengths (1) 11 µm, (2) 12 µm, and (3) 10 µm are shown. For practical emitter thickness range 
absorption is significantly increased which is about 20 fold relative to the noplasmonic counterpart. 
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heterojunction structures with different p-type doping densities compared to a structure with n-
type doping, indicating higher TCR of p-doped structures. The inset shows the increase of TCR 
variation with the Al fraction x in the barrier layer of p-GaAs/AlxGa1-xAs structures SP001, 
SP002 and SP003 (x = 0.28, 0.37, 0.57, respectively). This TCR is higher than that of VOx or α-
Si bolometers. At low temperatures (50 K) some of these devices have shown TCR values of 
over 30%. Moreover, SP003 showed a TCR value around 4% K-1 at room temperature.  
 
 The specially mounted sample has the same structure as SP003. The measured response 
spectrum of the specially mounted sample is given in Figure 21 (b). It shows a wavelength 
independent (at) response up to 20 µm as expected for a bolometer. With a 2.25 V bias across the 
top and bottom contacts, the device shows a detectivity (D*) of 1.7 × 106 Jones, with a 
responsivity of 3.7 mA/W at 10 µm, operating at room temperature. The response peaks 
appearing in the range 2-6 µm are due to inter-valence-band transitions. fraction (SP003) shows 
the highest TCR value of 8.10.4 % K-1 at 140 K. Additionally, the SP003 sample also shows a 
TCR of ~ 4 0.5 % K-1 at around room temperature. This value is 2 times of the TCR value of 
VOx bolometers (~2% K-1).  

4.7 High-performance, long-wave (~ 10.2 µm) InGaAs/GaAs quantum dot infrared 

photodetector with quaternary In0.21Al0.21Ga0.58As capping 

 A high-performance InGaAs/GaAs vertical quantum dot infrared photodetector (QDIP) with 
combined barrier of quaternary In0.21Al0.21Ga0.58As and GaAs was investigated. 19 To obtain a 
QDIP with a dark current level that is as small as possible to enhance detectivity, uncoupled 

   

Figure 21: (a) Variation of TCR with doping density of a multilayer heterojunction structure. The 
structure consists with 12 layers of GaAs/AlGaAs emitter barrier regions (square for p-type and circle 
for n-type). TCR values are calculated at the temperature 50K with 1V bias across the structure. The 
dotted lines (horizontal & vertical) show the intercept point of the TCR interpolated curve for a 
41017cm-3 p-doped structure.  Inset: Variation of TCR with Al fraction of a multilayer heterojunction 
structure. The structure consists of 30 layers of GaAs/AlGaAs emitter/barrier regions with 31018 cm-3 p-
doped emitter regions. TCR values are calculated at the temperature 140K with 1V bias across the 
structure. (b)  Responsivity of the sample consisting of 30 layers of GaAs/AlGaAs junctions with 31018 

cm-3 p-doped GaAs regions and Al fraction of 57% (SP003), at different bias voltages. 

(a) (b) 
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InGaAs/GaAs QDs were capped with a relatively thick combination barrier comprising a 30-Å 
layer of quaternary In0.21Al0.21Ga0.58As and a 500-Å layer of GaAs. This thick barrier is 
incorporated in the QD heterostructure in order to check carrier tunneling in adjacent dot layers 
at high temperature and a concurrent lowering of the dark current level. It has been reported that 
by increasing the thickness of the active region with appropriate spacer layers, the thermionic  

emission and tunneling contributions to the dark current can be reduced. In the present study, the 
heterostructure was grown by using molecular beam epitaxy (MBE) technology in the n-i(QD)-n 
configuration on a semi-insulating <001> GaAs substrate. Both the QD layer and the 
combination capping were repeated 35 times (Figure 22 (a) inset). 

The technological significance of using an InAlGaAs cap in these structures is that it acts as a 
surface strain-driven phase-separation alloy that is activated by surface-strain modulation across 
the InAs QD layer. As the QDs are covered by the quaternary cap, the In adatoms from the alloy 
migrate toward the relaxed dots, resulting in a compositional In gradient across the periphery of 
the islands. This gradient prevents intermixing of the QDs and the barrier material during MBE 
growth, thereby preserving the shape of the QDs. Overall strain in the structures restricts the 
possible number of dot layers in a multilayer structure; hence, combination capping was chosen. 
In such capping, the subsequent overgrowth of the quaternary alloy with a high temperature 

grown GaAs layer helps to planarize the growth front for the next QD layer due to increased Ga 
mobility at elevated temperatures. Note that quaternary cap composition is chosen so that it is 
perfectly lattice-matched with the GaAs, according to Vegard’s law and has a similar band-gap 
energy. Thus, a drawback of the dot-in-a-well approach is avoided with the structure.  

         

Figure 22:   Calculated reflection spectra of (a) a 3-period TiO2/SiO2 dual-band DBR, and (b) whole 
resonant-cavity detector structures. The use of only a Au reflector (dotted line) produces resonance modes 
(the dips) in the whole spectral region. The solid line shows further resonance enhancement by using a 
SWIR-MWIR dual-band DBR without affecting the LWIR performance. Both resonance modes lie within 
DBR’s high-reflection bands. Resonance modes for the regions of interest IV (SWIR), II (MWIR), and III 
(LWIR) are indicated by arrows. (c) Calculated absorption enhancement factor for the absorbing regions 
II, III, and IV. A factor of 11 is achieved by placing a Au reflector at the bottom side of the detectors, 
while the use of another top 3-period TiO2/SiO2 dual-band DBR gives rise to enhancement by a factor of 
26. 

(b) (a) 
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The QD profile of our heterostructure was confirmed by using cross-sectional transmission 
electron microscopy (XTEM) as shown in the inset of Figure 22 (b). There was no evidence of 
defects or dislocations in the heterostructure. The absence of defects helps to enhance 
responsivity. To determine the optical quality of the material, temperature-dependent 
photoluminescence (PL) measurement was performed and shown in Figure 22 (a). An intense PL 
peak from the sample is observed in the 1.12 μm range at 8K. The persistence of PL emission 
from the sample until ~150K indicates the low density of defects in the heterostructure. The full 
width half maximum (FWHM) of the emission peak at 150K is ~40 nm. A room temperature 
(300 K) emission peak from the heterostructure is also shown in Figure 22 (a).  

To test QDIP performance, 0.4×0.4mm detector test mesas were fabricated. The device’s dark 
current density as a function of bias is shown in Figure 22 (b). The symmetry in the current-
voltage curve, for both positive and negative bias, indicates the uniformities in the structural 
parameters of the QDs. The symmetry in the dark current characteristic also indicates that the 
effect of the asymmetric position of the InAlGaAs barrier in the device structure is minimal, 
confirming our claim that the specific composition of the quaternary alloy has a similar band-gap 
energy as that of GaAs. Current tunneling has been minimized in our heterostructures by the use 
of uncoupled QDs with a thick combination cap. Hence, the dark current density is significantly 
low (1.36×10-6 A/cm2 at 77K and 6.92×10-4 A/cm2 at 200K, both at 1 V) in our heterostructures.  

 

 The spectral responses are shown in Figure 23 (a) at different temperatures. The high-intensity 
response observed at 10.2 μm is probably due to the bound-to-bound transition of carriers in the 
QDs. The narrow spectral width clarifies bound-to-bound transition within the QDs. The 
responsivity decreasing with increasing temperature is because the excited states become more 
populated. It can also be attributed to the short carrier lifetimes at high temperatures. The highest 

     
Figure 23:   Calculated reflection spectra of (a) a 3-period TiO2/SiO2 dual-band DBR, and (b) whole resonant-cavity 
detector structures. The use of only a Au reflector (dotted line) produces resonance modes (the dips) in the whole 
spectral region. The solid line shows further resonance enhancement by using a SWIR-MWIR dual-band DBR 
without affecting the LWIR performance. Both resonance modes lie within DBR’s high-reflection bands. Resonance 
modes for the regions of interest IV (SWIR), II (MWIR), and III (LWIR) are indicated by arrows. (c) Calculated 
absorption enhancement factor for the absorbing regions II, III, and IV. A factor of 11 is achieved by placing a Au 
reflector at the bottom side of the detectors, while the use of another top 3-period TiO2/SiO2 dual-band DBR gives 
rise to enhancement by a factor of 26. 

(a) 

(b) 
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specific detectivity (D*) value for the QDIP structure is 1.01×1011 cm Hz1/2/W at 77K at a 0.3V 
bias. Figure 23 (b) also shows that the 100K detectivity of the device at a 0.20V bias is quite 
high (6.4×1010 cm Hz1/2/W), indicating the significance of the device structure for operation at 
high temperatures. Low detectivity values in QDIPs are mainly due to the high dark current, 
which in our heterostructure is alleviated by introducing a thick barrier layer. 
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